We have developed a pair of stochastic simulation models that describe the daily dynamics of dengue virus transmission in the urban environment. Our goal has been to construct comprehensive models that take into account the majority of factors known to influence dengue epidemiology. The models have an orientation toward site specific data and are designed to be used by operational programs as well as researchers. The first model, the container inhabiting mosquito simulation model (CIMSiM), a weather-driven dynamic life-table model of container-inhabiting mosquitoes such as Aedes aegypti, provides inputs to the transmission model, the dengue simulation model (DENSiM); a description and validation of the entomology model was published previously. The basis of the transmission model is the simulation of a human population growing in response to countryand age-specific birth and death rates. An accounting of individual serologies is maintained by type of dengue virus, reflecting infection and birth to seropositive mothers. Daily estimates of adult mosquito survival, gonotrophic development, and the weight and number of emerg ing females from the CIMSiM are used to create the biting mosquito population in the DENSiM. The survival and emergence values determine the size of the population while the rate of gonotrophic development and female weight estimates influence biting frequency. Temperature and titer of virus in the human influences the extrinsic incubation period; titer may also influence the probability of transfer of virus from human to mosquito. The infection model within the DENSiM accounts for the development of virus within individuals and its passage between both popula tions. As in the case of the CIMSiM, the specific values used for any particular phenomenon are on menus where they can be readily changed. It is possible to simulate concurrent epidemics involving different serotypes. To provide a modicum of validation and to demonstrate the parametenization process for a specific location, we compare simu lation results with reports on the nature of epidemics and seroprevalence of antibody in Honduras in low-lying coastal urbanizations and Tegucigalpa following the initial introduction of dengue-1 in 1978 into Central America. We conclude with some additional examples of simulation results to give an indication of the types of questions that can be investigated with the models. This paper is the third in a series of articles documenting the development, validation, and use of a pair of comple mentary simulation models describing vector population dy namics and the epidemiology of dengue viruses in the urban environment.
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The subject of the first two articles was the creation and evaluation of an entomologic model. ' 2 This model provides input to a transmission model, the subject of the present article. As an introduction and to provide the rationale for the need for comprehensive models that have an orientation toward site-specific epidemiologic data and operational use, we begin with a survey of past and current dengue control efforts. This is followed by a brief summary of the entomology model as the usefulness of the transmis sion model is directly related to the accuracy of the ento mologic inputs. We then present the development of the transmission model. To provide an initial indication of model validity and to demonstrate the parametenization process for a specific location, we compare simulation results with re ports on the nature of epidemics and seroprevalence of an tibody in Honduras in low-lying coastal urbanizations and Tegucigalpa following the initial introduction of dengue-1 in 1978 into Central America. We conclude with some addi tional examples of simulation results to give an indication of the types of questions that can be investigated with the models by looking at the influence of virus titer and weather on dengue transmission.
We are currently working cooper atively with dengue control projects in the Caribbean, Cen tral and South America, and Southeast Asia with the goals of further validation and the transfer of the models to op erational and research users. The results of this work will be published separately.
Globally, dengue viruses currently are considered to be the most important arthropod-borne viruses transmitted to humans, whether measured in terms of the number of human infections or the number of 4 Dengue viruses cause a range of disease in humans from undifferentiated fever, dengue fever syndrome, to dengue hemorrhagic fever with and without @ During the last 40 years, all four se rotypes of dengue virus have spread to virtually all receptive areas of the tropical world including Africa, the Pacific, and the Americas. In the 1950s, a more dangerous form of den gue fever involving hemorrhage and a shock syndrome (DHF/DSS) appeared in Southeast Asia. Primarily affecting children of local populations in endemic areas, the untreated fatality rate was sometimes as high as 30â€"40%.@ Today, den gue viruses remain among the leading causes of childhood hospitalization in many urban centers in Asia. 6 In the past decade, DHFIDSS appeared in the New World,7 the first ma jor epidemic occurring in Cuba in l981@ and the second in Venezuela in 1990.@ During the 1980s, intermittent DHF/ DSS was confirmed or suspected in perhaps 14 reliable water supply and housing, the frequent introduction of virus in new areas through human movements, and the almost universal absence of adequate control of the primary urban vector, Aedes aegypti)@'5 The threat of urban yellow fever earlier this century was sufficient to prompt the eradication of Ae. aegypti from most countries in Central and South America. ' The impetus for eradication was lost, however, with the dis covery of the sylvan cycle of the virus and a growing real ization that Ae. aegypti eradication efforts, unless global, were futile. ' Se lecting an existing biological profile sets the parameters in CIMSIM for that species; it is possible from within the pro gram to create new profiles or use existing files as a basis for new ones. The final database within the CIMSiM con tains location-specific information. Here the user can asso ciate with a location name, the species of mosquito to model, a beginning year and weather dataset for the simulation run, the containers to be used to describe the location, and local vertebrate host abundance and availability. Again, it is pos sible to edit the information on each location and create new locations. In this manner, it is fairly straightforward to setup the CIMSiM for use in any urban area.
The published validation of CIMSiM concluded that the model met design goals.' Validation involved comparing simulation results with several independent series of data on the dynamics of Ac. aegypti that were not used in model development.2 Validation data sets included laboratory work designed to elucidate the role of diet on fecundity and rates of larval development and survival. Comparisons were also made with four field studies conducted in Bangkok, Thailand on seasonal changes in population dynamics and with a field study in New Orleans, Louisiana on larval habitat. Finally, predicted ovipositional activity of Ac. aegypti in seven cities in the southeastern United States for the period 198 1â€"1985 were compared with an unpublished data set developed by the U.S. Public Health Service.
Overview of the transmission model DENSiM. Halstead and Gubler have published recent reviews and discussions on the current understanding of the immunology and patho genesis of dengue viruses.3 @ @ @ Briefly, dengue viruses cx ist in four antigenically-related but distinct serotypes. Infec tion with a particular serotype results in life-long immunity to that type (homologous immunity) and a brief period, of some months duration, of heterologous immunity to the oth er serotypes. It is apparently possible for an individual to be sequentially infected with all four serotypes with the tem poral sequence of infections being determined not only by the timing of inoculations but also by the immune status (homologous and heterologous) of the individual.
The etiology of serious illness is not completely under stood. Infants born to mothers seropositive for dengue anti body possess protective levels of maternally acquired anti body that are catabolized to subneutralizing titers within months of birth. Serious dengue illness, characterized by al tered hemostasis and increased vascular permeability, is of ten associated with these infants when experiencing their first dengue infection and with children more than one year of age who are experiencing an infection with a second se rotype. Recent research supports the notion that subneutral izing titers of heterologous dengue antibody facilitates the uptake of virus by mononuclear cells and that the incidence of such infected cells plays a significant role in enhancing the seriousness of dengue pathology, perhaps by the release of vasoactive mediators. Other factors suspected or known to influence the severity of clinical illness include race, flu tritional status, sex, age, and previous disorders such as asth ma and diabetes. There is good evidence that different se rotypes or strains of virus can differ in their pathogenesis. The present model accounts for serologic changes and the dynamics of infection; another model, currently under de velopment, is designed to investigate the incidence or prob ability of serious illness based upon the DENSiM results and known or hypothesized risk factors such as age, sex, race, and previous dengue infection.
Whereas the CIMSiM is basically a habitat-and weather driven accounting program of the population dynamics of certain Aedes mosquitoes, the DENSiM is essentially the corresponding account of the dynamics of a human popu lation driven by country-and age-specific birth and death rates. In a typical simulation run of a small village or barrio in a developing country, over the course of 15â€"20years, the human population will grow from 10,000 to approximately 17,000 people. An accounting of individual serologies is maintained, reflecting infection and birth to seropositive mothers. In the DENSiM, the entomologic factors passed from the CIMSIM, daily estimates of adult female survival, gonotrophic development, weight, and emergence on a per hectare basis, are used to define the biting mosquito popu lation. The survival and emergence values dictate the dy namic size of the population within DENSiM while the gon otrophic development and weight estimates influence the rate at which these females bite. Temperature and titer of virus in the human influences the extrinsic incubation period (EIP) in the mosquito; titer is also seen as influencing the proba bility of transfer of virus from human to mosquito. The in fection model accounts for the development of virus within individuals and its passage between both populations. We have assumed that our current understanding of the factors influencing dengue transmission is substantially correct, but as in the case of the CIMSiM, the specific values used for any particular phenomenon are on menus where they can be readily changed. Also, like the entomology model, the user of the infection model is presented with an opening menu of several databases containing site-or species-specific in formation on weather, entomology, virus, seroprevalence of antibody, and demographics; the program contains an editor making it easy to add to or modify this information. The DENSIM output includes demographic, entomologic, sero logic, and infection information on a human age class and/ or time basis in a graph and text format that can be printed or written to disk.' Both models are stochastic.
METHODS
The following sections describe briefly our analysis of the literature and how a synthesis of this information was im plemented within the DENSiM to allow simulation of the dynamics of dengue transmission.
Human and mosquito populations. Human demograph
ics and initial seroprevalence. The DENSiM contains a dy namic life-table model of a variably sized human population. Using user-supplied information on a location's human age distribution and age-specific birth and death rates, the model initially creates a population with the desired age distribu tion, and then on a daily basis, updates it to reflect births â€˜The DENSiM and the CIMSiM run on MS-DOSÂ® compatible com puters with a minimum video graphic capability of VGA; a math coprocessor and 486 or later versions of CPU are strongly recom mended. The software was developed using the MicrosoftÂ®Basic Professional Development System (Microsoft, Redmond, WA). infants < 1 year of age belong to class 1, 1â€"5 years of age class 2, 6â€"10years of age class 3, . . . 76â€"80years of age class 17, and > 80 years of age class 18. Initial ages are assigned randomly within each class. The final item of input for demographic purposes is the initial number of humans per hectare. The size of the simulation area is the ratio of the number of humans and their density. Depending on the particular situation, the simulation area could range from tens of hectares to several hundred. Once the initial human population is set up, the model employs user-supplied infor mation on the age classâ€"and serotype-specific prevalence of dengue antibody in the population to randomly assign the initial immune status to each individual. Often seropreval ence is poorly known and only what if scenarios can be evaluated, e.g., assuming an antibody prevalence profile of such and such, how receptive is this area expected to be to future dengue virus introductions of different serotypes, etc.?
Adult mosquito population.
In the DENSiM, two of the four entomologic factors passed from the CIMSiM, daily estimates of adult female survival and emergence, are used to create a cohort-based mosquito population. The account ing in the transmission model is made dynamic over time by replacing yesterday's cohort of newly-emerged females with today's, yesterday's one-day-old females becoming to day's two-day-old females, Each day, the number of newly emerging females per hectare from the CIMSiM is scaled upwards to reflect the current size of the area being modeled in the DENSiM, and each day, the entire adult population is reduced to reflect adult daily survival.
Factors Influencing contact rates between mosquitoes
and humans. Multiple blood meals during a single gono trophic cycle or interrupted feeding attempts could signifi cantly increase the potential for disease transmission provid ed the level of virus inoculum in the salivary fluid did not decrease with subsequent host contacts'Â°â€˜@ The following describes some of the sources influencing the mosquito-host contact rate that have been incorporated into the DENSiM in addition to the simple ratio of mosquito and human abun dance.
Adult size influences doublefeeding within the gonotroph ic cycle. Two additional parameters are passed from the CIMSiM to the transmission model, adult female weight and the proportion of gonotrophic development completed each day (CDJ. The CIMSiM was developed to estimate the weight of larvae and pupae and thus the weight of adults as a function of larval rearing conditions because size is known to or sus pected of influencing fecundity, survival, blood-feeding suc tSmall daily values for the probability of a death or birth within a particular age class are accumulated until they exceed one, where upon sought on the second day of the first cycle and on the first day of subsequent cycles; any second replete feed within a cycle is considered to occur on the day following the first feed within that cyc1e.@Â°L ength of the gonotrophic cycle is influenced by temper ature. The initial work in Bangkok, Thailand on the epide miology of DHF was based on the faulty expectation that seasonal changes in the density of the vector and the mci dence of DHF were correlated, primarily because disease was associated strongly with the wet season when rainfall would presumably increase the number of breeding sites and/or increase adult 375@Later, it was hypothesized that temperature-related changes in the length of the gono trophic cycle could be responsible for seasonal trends in transmission. 52 The CIMSiM predicts the temperature-depen dent rate of gonotrophic development in Ac. aegypti and this parameter, the daily proportion of the cycle that is completed each day (CD1), is passed to the DENSiM. A comparison of the lengths of observed and predicted first and second gon otrophic cycles in Bangkok during the wet, cool-dry, and hot seasons was part of the original validation of the CIMSiM.2 The first cycle, from emergence to oviposition, is considered to be completed on the day when the CD, > I . 00 partial blood meals or to interrupted feeding attempts, mdi cating that it is not uncommon for a single female to probe and/or feed on several people within a room or house in the course of obtaining a replete feed.@ Recent work on the ep idemiologic significance of probing and interrupted attempts indicated that neither multiple probing nor blood feeding re duced the ability of Ac. aegypti to transmit dengue virus even after as many as 20 consecutive contacts.â€• In the DENSiM, the user specifies the average number of feeding attempts per replete feed and the probability that an inter rupted attempt will be resumed on a different host; the cur rent defaults are four interruptions and a probability of 30%, sion model estimates the average number of contacts by dif ferent mosquitoes per person (a). By contact, we mean more than the initial probing, rather, that some portion of a replete feed is taken such that there is the possibility of virus trans fer to the mosquito. We begin with the subset of females within the simulation area seeking a replete feed that day the number of which, as indicated previously, is a function of the number of females within the simulation area and the proportion attempting to bite, a function of the rate of gon otrophic development as a function of temperature, and adult size as it influences the incidence of double feeds within a single gonotrophic cycle. We multiply this number of seek ers by the average number of interrupted attempts per replete feed, and adjust for the probability that an interrupted at tempt resumes on a different host and the presence of alter nate hosts. Finally, this total number of different contacts is divided by the number of people within the simulation area to give the estimate, a, the average number of different mos quito contacts per person per day. We appreciate that imbibing some quantity of viremic blood does not invariably result in a subsequently dissemi nated infection with virus in the salivary glands. It has been suggested and there is some evidence to support the notion that the titer of virus in the blood meal could influence the probability of subsequent infection.5@ We therefore assume that the probability of a mosquito ingesting sufficient virus to subsequently become infectious after contact with viremic host (@3)is a function of the titer of virus in the blood meal. The current default relationship between the probability of infection and titer ( Figure 2) gives a probability of 0.55 for a virus titer of l0@ mosquito infectious dose 50 (MID@)/ml; for a titer of l0@, the probability is 0.30.20.61 Note, as with all other default values in the various databases within the DENSiM, the user may edit these values to make infection probability some constant that is independent of titer or to change the rate of change in probability with respect to titer.
The number of mosquitoes receiving a dose of a particular 0.00
Titer (logs of virus, MID50/mi) FlGu@ 2. Probability of a disseminated infection resulting from imbibing viremic blood of a specified titer after a suitable incubation period. MID@ = mosquito infectious dose 50.
serotype sufficient to result in a disseminated infection (should they remain alive during the EIP) each day, y, is the product of the contact rate a, the infection probability for that serotype 13,and the number of viremic humans with that serotype. We assume that oral susceptibility is independent of the age of the mosquito.62 Because infections are discrete and because we are often interested in the behavior of the system when the incidence of infection is low, we make the model stochastic when -y falls below a threshold (default 5). We assume that the number of newly infected mosquitoes has a Poisson distribution with mean of -y. When @ is large, the Poisson distribution tends toward symmetry and nothing is lost simply using the rounded integer portion of y deter ministically. When â€˜y is small, however, we randomly select an integer value to use from a Poisson distribution with mean @y.t
Adult survival
and the extrinsic incubation period. The daily survival of the vector and the EIP interact in a nonlin ear fashion. Together, these two parameters exert an impor tant role in the regulation of the dynamics of transmission of arboviruses.63 Because the length of the EIP of dengue viruses is a significant proportion of the total adult life span of Ac. aegypti, the type of underlying model assumed for adult survival may be significant in the context of vectorial capacity. In both the CIMSiM and the DENSiM, we have assumed an exponential model for survival, i.e., mortality is independent of the age of the female (daily probability of death is a constant).' Recently, Clements and Paterson have shown for many species of tropical mosquitoes that an cx ponential model is inaccurate and that the Gompertz model, where survival is proportional to (the logarithm of) age, is more appropriate.TM They noted, however, that Ac. aegypti was an exception, with daily survival rates being indepen dent of age of the female. It has been known for more than 50 years that the EIP of yellow fever virus in Ac. aegypti varies with temperature; 40 years ago, a similar relationship was observed in Hae @Let P (â€˜y, r) be the probability of r mosquitoes becoming infected when the number of newly infected females is distributed Poisson with a mean y. Numerically, this is P (-y, r) = @yre@/r!. To obtain a random value for r from this distribution to be used that day for y, we begin summing this expression for r 0, 1, 2. . . until the sum just exceeds the value of a uniformly distributed random variate ranging between 0.00 and 1.00. Temperature (Â°C) sumes that other factors not limiting, the rate of development is determined by a single rate-controlling enzyme that is de natured reversibly at high and low temperatures.
The form of the kinetics equation and the statistical methods used to estimate parameter values for it from observed data were presented in the description of the CIMSiM.' Without taking into account the titer of virus in the infective meal (see be low), we estimate parameter values for the enzyme kinetics model (Figure 3 ) to be @)@5@)3.359 X l0@, T,,@H â€"2.176
x l0@Â°, L@HAâ€• 1.500 x l0@, and i@HH 6.203 x 1021based on observations by McLean and others67 and Watts and oth ers.6' This relationship (Figure 3) gives estimates of EIPs that are very similar to those given by Gubler5 and Hal stead. 38 Bates and Roca-Garcia conjectured that the EIP of yellow fever virus also varied as a function of the titer of the mos quito-infecting dose.@' Watts and others reported a similar relationship with dengue in Ac. aegypti ( Figure 3) ; the EIP at 30Â°Cwas I 2 and 25 days for mosquitoes infected with high and low doses, respectively.6' Provision has been made in the DENSiM to allow evaluating the consequences of an EIP-titer relationship; the temperature-based estimate of EIP ( Figure 3 ) may be simply scaled by a factor that is a function of infecting virus titer (Figure 4) .
Mosquito to human transmission. For each serotype pres ent, DENSiM begins by looking for how many mosquitoes with virus have completed the E@ Of these females, the model determines how many will be seeking a replete feed on that day and then calculates how many different people will be bitten by each taking into account alternate hosts, interrupted feeding attempts, and the probability that inter rupted feeds will be resumed on a different host. ; the proportion of random sera taken by mid-October that were positive for dengue-1 hemagglutination-inhibition (HI) antibodies was 61 % . In other nearby towns, the seroprevalence of dengue 1 HI antibodies ranged from 37% (El Progreso) to 8 1% (Vil lanueva). It was later realized that in some communities, the serosurvey was conducted before the end of epidemic trans mission and, therefore, prevalence data may have underes timated the true extent of some epidemics.
Parameterization process. The use of the CIMSiM and DENSiM in the field involves collecting certain site-specific information to allow parameterization.
The number and type of mosquito-producing containers in the environment and estimates of their associated productivity (standing crop of pupae or adult emergence) are the important entomologic inputs; these data can be collected by mosquito control workers. This information is used to create the representative containers within the CIMSiM; food inputs are fit by simu lation (trial and error) by comparing model projections of pupal abundance in the various containers and observed val ues from the field. Both models need daily weather infor mation (usually available from the National Weather Ser vices) and density estimates of humans and other hosts. The major requirements for the DENSiM include anti-dengue seroprevalence and demographic information discussed ear her. With the exception of dengue antibody prevalence and container productivity, most dengue control projects have estimates (of various quality) of the required information. The cost of obtaining such information would be relatively trivial in comparison with the total cost of an ongoing con trol program.
Following parameterization, initial simulations are con ducted and comparisons are made between various observed and predicted values. Possible entomologic comparisons in dude adult size and biting rates, the seasonal presence and absence of water in containers, and for each of the container types, daily mosquito production and the average numbers of larvae and/or pupae per container. Validation of the tans mission model is fundamentally different than the validation of the entomologic model. In most locations where dengue transmission is an ongoing problem, vector populations, while varying seasonally, are continuously present. Their presence is not contingent on reintoductions such as in the case of Philadelphia where Ac. aegypti could not overwinter but was often reintroduced via sailing ships each spring or mm7273 J@ contrast, while for many locations dengue viruses are endemic, e.g., Bangkok, for many other locations transmission is contingent on the unpredictable arrival of virus from elsewhere. An example of this would be the 1978â€"1980 epidemic in Honduras; presumably this site had been receptive to virus introduction (low herd immunity, presence of competent Ac. aegypti, etc.) for a number of years prior to the introduction. In such cases, we can predict the receptivity of an area to virus introduction or make es timates of the rate of transmission or the expected extent of an epidemic, but we cannot predict the arrival of virus. Titer (logs of virus, MIDso) by the probability that the mosquito contact, ranging be tween initial probing and taking a replete feed, will result in the transfer of sufficient virus to initiate an infection should the host be susceptible. The model is stochastic here after the fashion described for â€˜Ii. What is a reasonable value for the probability of sufficient transfer to effect infection in susceptible hosts? Gubler and Rosen observed that probing prior to feeding by dengue infected Ac. albopictus could result in the transfer of be tween 300 and 1,000 MID50 of virus to a hanging drop of fluid and that a feed to repletion was accompanied by the transfer of up to 2 X l0@ MID@ Kraiselsurd and others estimated that it took 9.5 and 22.0 MID@ of dengue-2 and dengue-4, respectively, to infect 50% of susceptible rhesus monkeys; they suggested that a dose of 100 MID@ of either virus would give infection rates of 100%.@ Based on these studies, we believe a reasonable default to be 90%. The following section will briefly describe how the mod els are set up for use in a specific location. This location is San Pedro Sula, a town representative of several urbaniza tions situated in the coastal lowlands of northwestern Hon duras that experienced their first ever epidemics of dengue 1 in 1978â€"1980. We will use the Honduran situation to pro vide examples of entomologic, demographic, and epidemi ologic output from the models and to provide some preliminary validation of the CIMSiM/DENSiM. We con dude with some examples of simulation studies, again using the Honduran situation, designed to illustrate the use of the models in investigating research and operational questions. Transmission validation is also hampered by a lack of good data on the incidence of infection. The DENSiM estimates the incidence and prevalence of infection but not the com monly reported evidences of dengue transmission such as hospitalizations and reports of dengue-like clinical illness. For demonstration and validation proposes, we will model the 1978â€"1979 dengue-l epidemic in San Pedro Sula and the surrounding towns using entomologic data from the near by town of El Progreso and the serologic data of Figueroa and others.7Â°We assume an initial population of 10,000 and a human density of approximately 240/ha; values used for the human age distribution and birth and death rates were those reported for Honduras in 1976. The year is 1978 and there is no immunity to dengue viruses.70 A single serotype of low-titering virus (l0@ MID50) is introduced each month into our representative urbanization via an individual who is assumed to become viremic on the day of arrival. For both the CIMSiM and DENSiM, we use weather data from San Pedro Sula, Honduras ( Figure 5 ).
Model parameterization, examples of output, and val

Larval habitat.
Mosquito-producing artificial containers, similar in type and abundance to other Honduran towns in this region, include outdoor laundry sinks (50/ha), 55-gal (207-liter) drums (15/ha), discarded automobile tires (10/ha), and animal watering dishes (10/ha); food inputs into these four representative container types were determined by sim ulation2 so that the adult mosquito productivity as estimated by the CIMSiM would be similar to that observed in these containers in various communities in El Progreso, Honduras (Fernandez E, Director, Proyecto Control Integrado de Den gue, Ministerio de Salud de Honduras, Division de Enfer medades Transmitidas por Vectores, Tegucigalpa, Honduras, unpublished data). The tires are filled only by rainfall and therefore subject to drying out ( Figure 6 ); a piped supply serves as the water source for the other containers and their depths, with the exception of animal watering dishes, which are also subject to rainfall, are essentially constant. Water temperatures vary in response to ambient air temperatures, the size of the container, and exposure to sun. The CIMSiM was developed to estimate water depths and temperatures ( Figure 7 ) because of their influence on hatch, larval devel opment and survival.' Entomologic results. Oviposition is a function of the pres ence of water, the size of a container, and the numbers and types of other containers in the environment; larval and pu pal abundance (Figure 8 ) within wet containers, in turn, are functions of oviposition, food, competition, temperature, and fluctuations in water 2 Briefly, larval competition in animal watering dishes, a consequence of a relative paucity of food in the face of high levels of oviposition from adults arising from other, more productive containers, results in low larval survival; larvae in the dishes are often present without the production of pupae. This is in contrast with the situation in tires, which have higher survival rates. Both shaded and unshaded tires show the results of drying out during the spring. Larval survival in the laundry sinks and drums is intermediate. As a result, the annual total production of fe males from the animal dishes is appreciably less than the other containers (Figure 9 ). When the abundance of the con tainers within the environment is taken into account, total adult female production by type ranges from approximately 100/ha/year from animal dishes to approximately 2,900/ha/ year from the laundry sinks ( Figure 9 ). While drums, sinks, and tires are approximately equal in productivity, the abun dance of sinks makes them especially significant contributors to the biting population of Ac. acgypti. Finally, the total daily emergence of all females, the first of four data series passed from the CIMSiM to the DENSiM, averages approximately 14/ha. The resulting female population averages approxi mately 125/ha and varies seasonally, somewhat in response to those containers influenced by rainfall (Figure 10 ). Note that for every adult female Ac. aegypti, there are about 25 larvae ( Figure 10 ). The CIMSiM estimates adult daily sur vival (not shown) to be essentially 0.89 during the entire year, with conditions being neither too cold or hot nor too dry to adversely influence adult mortality.
The two last series to be passed from the entomologic model are the daily gonotrophic development rate as a func tion of temperature and an average of adult female wet weight, a function of larval competition and temperature. While the development rate is relatively constant at this lat itude, approximately 22% per day (Figure 1 1) , female weight is more variable. The spikes in weight are primarily due to bursts of emergence of large females from tires, emer gence that was associated with rainfall ending periods of dryness that had allowed an accumulation of larval food. approximately I 8%, respectively, of their population. These differences have the potential to influence the dynamics of transmission.
Initial epidemic.
The monthly introductions of a viremic individual did not result in any local transmission during January and February, 1978 ( Figure 14) . Two cases occurred in March but the virus was lost. The April introduction re suIted in I I cases and the persistence of the virus between subsequent introductions. The monthly number of cases in creased rapidly between May and September (60, 195, 510, 988 , and 1,598) with the epidemic peaking in October with 2,122 additional cases. Defining, as suggested by Newton and Reiter,2Â°an epidemic to be detectable when the preva lence exceeds I % of the population, the epidemic began July 21 . It peaked 92 days later on October 21 and then decreased over the next 61 days to less than 1% on December 19; the duration of the detectable epidemic was 153 days. At its peak, 430 people were viremic, a little more than 4% of the total population.
Because stochastic events are sometimes important in the early phases of a mass-action phenomenon such as epidem ics, repeated simulations with the same starting conditions do not always result in similar outcomes; this is most likely to occur as conditions become intermediate between favor 1979, the transmission model estimates the population of our urbanization to grow at an annual rate of 3.8% from 10,000 to 10,772; total deaths, births, and immigrants (the viremic introductions) for the two years were 258, 1,006, and 24 respectively. The age distribution at the end of the year is very similar to the beginning ( Figure 12) ; for longer runs of 15 or 25 years, this is not always the case because the current age distribution reflects past and sometimes substantially dif ferent age-specific birth and death rates. The model also pro vides estimates of deaths by age of individual and births by the age of the mother ( Figure 13) ; these results are in very close agreement with U.S. Commerce Department esti mates. 74 Because the birth and death processes are stochastic, repeated runs with the same inputs give slightly different results.
The relatively high birth and death rates observed in Hon duras result in a population skewed toward the younger ages; here infants and children less than one and 10 years of age, respectively, account for approximately 5% and 35% of the population, respectively. In contrast, the annual growth rate in Puerto Rico is approximately I .2% and infants and chil dren less than 10 years of age account for less than 2% and age class at the beginning and end of a two-year simulation. Class 1 is infants < I year of age, class 2 includes children spanning four years in age from 1 to < 5 years of age; the other classes span five years ofage. ( Figure 17) ; the distribution of these titers reflects the portion of mothers converting, at approximately 80%, and the rela tive lengths of time required for the acquired antibody to decrease from neutralizing to enhancing to trivial concentra tions. The DENSiM also provides less detailed estimates of the class-specific number and percentages of individuals in fected ( Figure 18) .
The model indicates that without new introductions of vi n's from the outside following the primary epidemic, the virus would typically persist in the village for only a few months following the peak of the epidemic. A few simula tions resulted in the virus disappearing by December 1978, more commonly, the virus was lost during Januaryâ€"March 1979, although in one instance, virus persisted until August 1979, nine months following the peak of the epidemic. With the passage of time, herd immunity decreases, and the pop ulation, led by the younger age classes, progressively be comes more receptive to new introductions. ing the loss of or rapid transmission of virus. Repeated runs, however, typically gave similar results regarding dates of onset and duration of the epidemic and extent of infection within the population. This was principally due to the fact that seasonal temperature changes resulted in a rapid iran sition from conditions favoring the loss of introduced virus to epidemic conditions. Cool temperatures early in 1978 lowered substantially the chance of local transmission re suiting from the early introductions. The date of onset of the epidemic had little to do with fluctuations in the abundance of female Ac. aegypti ( Figure 15) ; rather, the onset was trig gered by the precipitous decrease in the EIP associated with a brief time of high temperatures ( Figure 16 ).
Following the onset of the epidemic, conditions remained permissive, allowing transmission to increase until the de pletion of susceptible individuals began to limit the epidemic ( Figure 17) ; in the epidemic shown, this class decreased to about 20% by the end of 1978. The seroprevalence of anti body to dengue-l decreased in the 1â€"4-year-old age class late in 1979 because of their movement without replacement by dengue-immune infants into the next age class and the lack of substantial transmission following the epidemic more than a year earlier. tamer types and abundances along with their associated mos quito productivities, with which to compare it. We can say only that the entomobogic inputs to the transmission model were adequate to allow simulating the epidemic of San Pedro Sula and surrounding towns with some degree of fidelity.
Temporally, the points of correspondence between model predictions and the epidemic in San Pedro Sula include the date of the onset of the epidemic, July 1978 and June 1978, respectively, and the date of the epidemic peak, October 1978 and August 1978, respectively. While the length of the epidemic was not reported, the time between first reports of cases in San Pedro Sula and the epidemic peak was approx imately 2.5 months; the corresponding model estimate was approximately 90 days. In terms of seroprevalence of antibody, the model pro jected some 80% of the population to have become infected in the epidemic. The observed average seroprevalence of dengue-l antibody for San Pedro Sula and neighboring towns experiencing epidemics in 1978 was 59% (range 37â€" 81%).
Figueroa and others7Â°reported that not all communities in departments that were affected by dengue had epidemics and suggested that because there was a positive correlation be tween Ac. aegypti indices and seroprevalence of dengue an tibody, that low mosquito densities were prophylactic. Sim ulation studies with lower mosquito abundances indicate that this explanation is plausible. Densities, when reduced to 75% of the levels described above, still regularly supported epidemic transmission, albeit, at slower rates, sometimes spreading over two years with a slowing of transmission during the winter months. However, densities of 50% of nor ma! precluded epidemic transmission; introduced virus under these conditions would often lead, especially in the warmer months, to some locally acquired cases before the virus was lost. Under these conditions, seroprevalence of dengue an tibody would increase at a rate of only a few percent per year.
As a final point of correspondence between model and observed, we note that the model permits a low level of transmission and the maintenance of virus through the winter months in the coastal lowland as was observed in Hondu ras. If we assume container types and abundances are similar to coastal communities, then the tem perature-related changes would be expected to result in very low and sporadic rates of local transmission; in most simu lation runs, the prevalence of cases rarely exceeded the de tectable threshold rate of 1%. At the end of 1979, model projections of seroprevalence of antibody ranged between 2% and 7%. How well do these projections line up with the epidemic experience of Tegucigalpa? For the 1978-1979 ep idemic, Figueroa and others7Â°reported that the capital was not significantly affected and had only sporadic and mostly imported cases; seroprevalence in September 1979 was giv en as 1 1%. Later, after a hiatus of almost 10 years, dengue types 1, 2, and 4 were isolated in 1989â€"1991 from the met ropolitan area, but the reported case rates were very low, 257 per 100,000 (0.3%), suggesting only low levels of tans mission (Honduran Ministry of Health, unpublished data).
Could the dampening influences of cooler temperatures be compensated by increased mosquito densities? If we increase mosquito abundances by 50%, the DENSiM projects the oc currence of epidemics in Tegucigalpa as significantly more likely with seroprevalences at the end of 1979 expected to range between 35% and 50%. A doubling mosquito abun dance ensures that epidemics will occur with resulting ser oprevalences typically in the 80% range. These results illus tate the expected attenuation of transmission with altitude that can be modulated by mosquito densities; they are con sistent with field reports of such a 776
What is the abundance of infectious mosquitoes during an epidemic and should we expect to detect them ? The average number of Ac. aegypti females in our simulation village was approximately 120/ha (Figure 10 ) or 0.5/person ( Figure 15 ). This is substantially lower than the levels reported for Bang kok, Thailand of 700â€"1,000/ha and 3â€"5/person.2 37 At the peak of the Honduran epidemic, there were only about 100 infectious mosquitoes (roughly one per every 100 people) within the approximately 40-ha village (Figure 15 ), roughly 2% of the approximately 5,000 female mosquitoes within the village. It is not surprising then that dengue virus is rare ly detected in field-collected Ac. aegypti from endemic ar eas.49
What pattern oftransmission would be expected following the primary epidemic? Figure 19 presents the projected num ber of cases and the seroprevalence of dengue antibody for 16 years following the primary epidemic of 1978; we have assumed a continuation of the monthly introductions of a viremic individual. For five or six years the introductions resulted in few locally contracted infections due to herd im munity and the relatively low abundance of the vector. As the immune population aged, the younger age classes pro gressively became more susceptible. As a consequence, most of the subsequent infections occurred primarily in these classes as indicated by the increase in seropositivity among infants during the summers of 1983 and 1985. Seropositivity in infants, as indicated by the DENSiM, generally runs high er than the overall rate (Figure 19 ) because the accounting includes maternally acquired as well as infection-induced an tibody. If this scenario is run for decades, the age-specific distribution of seroprevalence settles down to that seen be tween 1989 and 1994, with sporadic, small epidemics in volving at most a few hundred (primarily young) individuals with the overall prevalence of antibody averaging approxi mately 70%.
If this scenario is run again with the titer of the introduced virus increased from l0@to l0@MID@IJ (Figure 20) , the initial epidemic is more acute than that shown in Figure 14 , being shorter in duration and involving approximately 95% of the population. The nature of transmission following the primary is different as well, with transmission being more intense, and the sporadic and small ensuing epidemics are less fre quent but involve more people and produce higher levels of immunity than those associated with the lower titering virus.
What is the probability of an epidemic following a single introduction ? A number of factors determine the fate of in troduced virus. We mentioned several earlier the key role of stochastic events in the early phases of transmission, tem perature, and herd immunity. Obviously, many of the param eters included in the models are potentially influential. As another example of the type of questions that can be inves tigated with the models, we ask: how receptive is the village to a single introduction occurring at various times of the year? Would this be modified by titer of the virus, given the influence of titer on the probability of infection and EIP in the mosquito? Perhaps, less ambitiously, we could couch the question in terms of parameter sensitivity: if conditions are near the threshold permitting transmission, would factors such as seasonality in mosquito abundance, size, and tem perature be sufficiently influential against the backdrop of other factors so as to significantly alter the probability of an epidemic and would we expect this to be substantially mod ified by the titer of introduced virus?
Simulation results ( Figure 21 ) indicate that at the low titer (10-i MID50) used in our example, seasonal changes result in an almost three-fold difference in the probability of an epi demic resulting from a single introduction (30â€"35% in Dc cember and January versus 80% in Aprilâ€"May). That is to say, a introduction in the winter is about one-third as likely to cause an epidemic as one occurring in the spring or sum mer. The results, while suggesting that many introductions into a naive population would be lost and not produce an epidemic, also indicate that a single introduction is capable of producing an epidemic any time of the year; recall the initial dengue-l epidemic in Central America that occurred on the Bay Island of Roatan in February.7Â°This is interesting in light of the rapid and global movement of dengue viruses. 5 Simulations also indicate that introductions of high-titering virus more frequently lead to epidemics than introductions of the lower type. Associated with the higher titering virus is a reduction in the magnitude of role seasonal influences play; summer introductions are only approximately 1.5 times more likely to cause an epidemic than winter introductions of the same virus. The difference between the ability of the two viruses to cause an epidemic is most pronounced during @-::@â€˜@â€˜@ ers are equally productive of adult mosquitoes. Without run ning a single simulation with the DENSiM, the parameter ization process of the CIMSiM identifies the important Ac. aegypti-producing containers in an area and allows signifi cant epidemiologic comparisons, on a females-per-person basis, to be made between different barrios or adjacent towns.
How effective in reducing Ac. acgypti must a community based source reduction efforts be in this part of the world? We are fairly comfortable with our estimates of approxi mately 0.5 Ac. aegypti females per person in El Progreso, Honduras (Figure 15 ), the CIMSiM is fairly well validated2 and the field observations on containers and productivities are extensive. We know that this ratio has recently supported dengue transmission (Honduran Ministry of Health, unpub lished data) in El Progreso and probably was sufficient for the dengue-! epidemic of 1978.@Â°Thus, while we do not have an absolute threshold value, it is arguably something less than 0.5 females per person; this would correspond to approximately 0.25 pupae per person.t An ongoing program in another nearby town with vector densities averaging two females per person cannot be expected to be effective if it can only halve adult emergence.
It must be emphasized, however, that this is just an esti mate and only an estimate of an upper bound for the trans mission threshold. Moreover, it is only for a certain location, being predicated on local temperatures and a naive popula tion, among other factors. As we use the models in more locations, a series of estimates like this one will be devel oped. We would also like to draw attention to the utility of measuring mosquito densities, not in terms the traditional indices, but rather in terms of adults or pupae per person.
We have attempted with the CIMSiM and DENSiM to provide an essentially complete accounting of the current state of our understanding of the factors influencing dengue transmission in urban areas. The results presented here, the ongoing validation work in various locations, and the recent modeling work of Newton and Reiter@Â°suggest that the pres ent knowledge of this system is adequate to permit model development for the goals given earlier. We have only begun the validation process for the DENSiM, but the good cor respondence between the model projections and the reported epidemics following the initial introduction of dengue into Honduras in the late 1970s@ is encouraging.
We hope that the use of these models will further dengue control efforts worldwide. the cooler months when the high-titering virus is approxi mately two times more likely to result in an epidemic than lower-titering introduction. sibility of sufficiently early detection of the circulation of a new virus to allow emergency vector control prior to an epidemic, the models indicate for the San Pedro Sula epi demic ( Figure 14 ) that continuous autochthonous transmis sion was occurring for almost three months in 1978 prior to the prevalence exceeding 1%. During this time, about 570 cases (approximately 6% of the population) occurred. These results would seem to provide support for the recommen dations of Gubler and Casta-Valez regarding the utility of proactive surveillance in a control program.'5 However, the interpretation of reports of a few sporadic cases of dengue would be problematic; their significance would depend upon convictions held regarding how receptive the area is to an epidemic of a particular serotype. Objectively, this would be a function of the seroprevalence of antibody, weather, time of year, the ratio of mosquitoes to humans, and some idea of the serotype causing the current cases. For example, while San Pedro Sula was certainly less receptive in June 1979 than during June 1978 to dengue-1, it was fully susceptible to an introduction of another serotype. Our point is that sur veillance and decision making in an ongoing control pro gram could be well served by integrating demographic, en tomologic, virobogic, and serologic data using models such as the CIMSiM/DENSiM.
What can be said about transmission thresholds ? The pa rameterization process for the CIMSiM forces one to look at Ac. aegypti abundance in absolute terms; how many con tainers per hectare and their associated standing crops of pupae. Once these data are integrated with the CIMSiM, they allow describing the entomologic situation in terms of the number of females per person; this development is in marked contrast to the usual Ac. aegypti indices, all of which are hampered by the predication that all larval-positive contain 
